We present a measurement of the W boson mass using 200 pb −1 of data collected in pp collisions at √ s = 1.96 TeV by the CDF II detector at Run II of the Fermilab Tevatron. With a sample of 63964 W → eν candidates and 51128 W → µν candidates, we measure MW = (80413 ± 34stat ± 34syst = 80413 ± 48) MeV/c 2 . This is the most precise single measurement of the W boson mass to date. The standard model (SM) invokes the Higgs mechanism of spontaneous symmetry breaking to generate mass for the W and Z bosons, which mediate the weak force. The SU (2) × U (1) symmetry of the electroweak interaction predicts the relation between the W and Z bolege,
. The W boson mass [1] has been measured most precisely by the LEP [3, 4] and Tevatron [5] experiments, with the world-average M W = (80392 ± 29) MeV/c 2 [4] . At the Tevatron, W bosons are mainly produced in quark (q ′ ) anti-quark (q) annihilation q ′q → W + X. Here X includes the QCD radiation that forms the "hadronic recoil" balancing the boson's transverse momentum p T [6]. The W → ℓν decays, characterized by a high-p T charged lepton (ℓ = e or µ) and neutrino, can be selected with high purity and provide precise mass information.
This analysis [7, 8] uses 200 pb −1 collected by the CDF II detector [7] in pp collisions at √ s = 1.96 TeV at the Tevatron. CDF II is a magnetic spectrometer surrounded by calorimeters and muon detectors. We use the central drift chamber (COT) [9] , the central calorimeter [10] with embedded wire chambers [11] at the electromagnetic (EM) shower maximum, and the muon detectors [12] for identification of muons and electrons with |η| < 1 [6] and measurement of their four-momenta. The muon (electron) trigger requires a COT track with p T > 18(9) GeV/c [6], and matching muon chamber hits (EM calorimeter cluster with E T > 18 GeV).
In the analysis, we select muons with a COT track matched to muon chamber hits and passing quality requirements, track p T > 30 GeV/c , and a minimumionization signal in the calorimeter. Cosmic rays are rejected using COT hit timing [13] . We select electrons with track p T > 18 GeV/c , EM cluster E T > 30 GeV [6, 7] , and passing quality requirements on the COT track and the track-cluster matching. Additional requirements are based on the ratio of the calorimeter energy E to track momentum p (E/pc < 2), the ratio of energies detected in the hadronic and EM calorimeters E Had /E EM < 0.1, and the transverse shower profile [7] . A veto on the presence of a second lepton suppresses Z boson background, with negligible loss of W boson events. Control samples of Z boson events require two oppositely charged leptons with the above criteria.
The p T of the hadronic recoil ( u) equals the vector sum u = Σ i E i sin(θ i )n i /c over calorimeter towers [10] , with energy E i , polar angle θ i , and transverse directions specified by unit vectorsn i . Energy associated with the charged lepton(s) is not included. We impose p T balance to infer the neutrino's transverse momentum p
GeV/c and | u| < 15 GeV/c to obtain a W candidate sample of high purity, whose m T and lepton p T distributions are strongly correlated with M W . The sample consists of 63964 W → eν and 51128 W → µν candidates.
The W boson mass is extracted by performing binned maximum likelihood fits to the distributions of m T , p ℓ T and p ν T . We generate 800 templates as functions of M W between 80 GeV/c 2 and 81 GeV/c 2 using a custom Monte Carlo (MC) simulation [7] of boson production and decay, and of the detector response to the lepton(s) and hadronic recoil. The custom MC optimizes computing speed and control of systematic uncertainties. The kinematics of W and Z boson decays are obtained from the resbos [14] program. We tune the non-perturbative form factor in resbos, which describes the boson p T spectrum at low p T , on the dilepton p T distributions in the Z boson data. Single photons (FSR) radiated from the final-state leptons are generated according to the wgrad program [15] . The FSR photon energies are increased by 10% (with an absolute uncertainty of 5%) to account for additional energy loss due to two-photon radiation [16] . wgrad is also used to estimate the initialstate QED radiation. We use the CTEQ6M [17] set of parton distribution functions and their uncertainties.
The custom MC performs a hit-level simulation of the lepton track. A fine-grained model of passive material properties is used to calculate ionization and radiative energy loss and multiple Coulomb scattering. Bremsstrahlung photons and conversion electrons are generated and propagated to the calorimeter. COT hits are generated according to the resolution (≈ 150 µm) and efficiencies measured from muon tracks in Υ, W , and Z boson decays. A helix fit (with optional beam constraint) is performed to simulate the reconstructed track.
The alignment of the COT is performed using a highpurity sample of high-p T cosmic ray muons. Each muon's complete trajectory is fit to a single helix [13] . The fits determine the relative locations of the sense wires, including gravitational and electrostatic displacements, with a precision of a few microns. We constrain remaining misalignments, which cause a bias in the track curvature, by comparing E/pc for electrons and positrons.
The tracker momentum scale is measured by templatefitting the J/ψ → µµ and Υ → µµ mass peaks. The J/ψ fits are performed in bins of 1/p ℓ T (µ) to measure any non-linearity due to mismodelling of the ionization energy loss and other smaller effects, and in bins of cot θ(µ) to measure the magnetic field nonuniformity. To account for the observed momentum non-linearity, a downward 6% correction to the predicted ionization energy loss is applied in the simula- tion to make the measured J/ψ mass independent of 1/p ℓ T (µ) . The calibration derived from the J/ψ and Υ data yields M Z = (91184 ± 43 stat ) MeV/c 2 ( Fig. 1 ) from the Z → µµ data, consistent with the world average [1, 4] of (91188 ± 2) MeV/c 2 . The systematic uncertainties due to QED radiative corrections and magnetic field non-uniformity dominate the total uncertainty of 0.02% on the combined momentum scale, derived from the J/ψ, Υ and Z boson mass fits.
We simulate the electron cluster by merging the energies of the primary electron and the proximate bremsstrahlung photons and conversion electrons. The distributions of electron and photon energy loss in the solenoid coil, and leakage into the hadronic calorimeter, are determined using geant [18] as a function of E T . The fractional energy resolution is given by the quadrature sum of a sampling term (13.5%/ E T /GeV) and a constant term κ = (0.89 ± 0.15)% applied to the cluster energy, and an additional constant term κ γ = (8.3±2.2)% applied only to the energies of bremsstrahlung photons and conversion electrons. The κ γ term contributes ≈ 1.3% in quadrature to the effective constant term for the inclusive electron sample. The distribution of the underlying event energy [7] in the cluster is simulated. We tune κ on the width of the E/pc peak (Fig. 2) of the W boson sample, and κ γ on the width of the Z → ee mass peak when both electrons are radiative (E/pc > 1.06).
Given the tracker momentum calibration, we fit the E/pc peak in bins of electron E T to determine the electron energy scale and non-linearity. The position of the E/pc peak is sensitive to the number of radiation lengths X 0 (≈19%), due to bremsstrahlung upstream of the COT. We constrain X 0 by comparing the fraction of electrons with high E/pc between data and simulation.
Applying the E/pc-based energy calibration, we fit the Z → ee mass peak and measure M Z = (91190 ± 67 stat ) MeV/c 2 ( Fig. 1) , consistent with the world average [1, 4] . For maximum precision, the energy scales from the W E/pc fit and the Z → ee mass fit are combined using the Best Linear Unbiased Estimate (BLUE) method [19] , with a resulting uncertainty that is mostly statistical.
The recoil u excludes towers in which the lepton(s) deposit energy. The underlying event energy in these towers is measured from the nearby towers in W boson data, including its dependence on η ℓ and u. The resolution of u has jet-like and underlying event components, with the latter modelled using data triggered on inelasticpp interactions. The recoil parameterizations are tuned on the mean and r.m.s. of the p T imbalance between the dilepton p T and u in Z → ℓℓ events. The lepton identification efficiency is measured as a function of u || = u · p luminosity but also through improved analysis techniques and understanding of systematic uncertainties. As many simulation parameters are constrained by data control samples, their uncertainties are statistical in nature and are expected to be reduced with more data. Inclusion of our result in the global electroweak fit [4, 7] reduces the predicted mass of the SM Higgs boson by 6 GeV/c 2 and decreases its range to m H = 76 +33 −24 GeV/c
